Background: Atrial fibrillation (AF) has been associated with myocardial oxidative stress, and antioxidant agents have demonstrated antiarrhythmic benefit in humans. We compared serum markers of oxidation and associated inflammation in individuals with or without AF. Methods: Serum markers of oxidative stress and inflammation were compared in a cross-sectional, case-control design study of 40 male individuals, with or without persistent or permanent AF, who were matched for age, sex, diabetes, and smoking status, known confounding variables for the measurement of oxidative stress. We used derivatives of reactive oxidative metabolites (DROMs) and ratios of oxidized to reduced glutathione (E h GSH) and cysteine (E h CySH) to quantify oxidative stress. We also measured inflammatory markers, including high-sensitivity C-reactive protein, interleukins 1␤ and 6, and tumor necrosis factor ␣. Results: Univariate, conditional logistical regression analysis showed that oxidative stress but not inflammatory markers were statistically associated with AF (P <0.05). The increase in the odds ratios for AF for E h GSH, E h CySH, and DROMs were 6.1 (95% CI, 1.3-28.3; P ‫؍‬ 0.02), 13.6 (95% CI, 2.5-74.1; P ‫؍‬ 0.01), and 15.9 (95% CI, 1.7-153.9; P ‫؍‬ 0.02), respectively. There was a stronger correlation between E h GSH and E h CySH (r ‫؍‬ 0.66) than between E h GSH and DROMs (r ‫؍‬ 0.41). In multivariate analysis corrected for statins and other AF
Atrial fibrillation (AF) 5 is by far the most common cardiac arrhythmia. Currently, 2.2 million people in the US have a diagnosis of AF. The pathogenesis of AF is unknown, but studies have supported a role for both oxidative stress and inflammation. Studies of animal and human samples have shown increased myocardial oxidative stress associated with AF (1, 2 ) . Inflammation has a complex relationship with oxidative stress and has also been found to be associated with AF. For example, increased concentration of the inflammatory marker C-reactive protein (CRP) was found to be associated with AF in some studies (3 ) and has been suggested to be a predictor of the incidence of AF after cardioversion (4 ) or cardiac surgery (5 ) .
The relative strength of the association of inflammation and oxidative stress markers with AF remains unclear. Therefore, we assessed differences in markers of oxidative stress and inflammation in patients with or without persistent or permanent AF.
Materials and Methods study population
This cross-sectional, case-control study recruited patients in AF from outpatient clinics at the Atlanta Veterans Affairs Medical Center from May through July 2005 under a protocol approved by the Emory University Institutional Review Board (http://www.clinicaltrials.gov: NCT00142194). Eligible patients were older than 18 years and in persistent or permanent AF at the time of enrollment. Ineligibility criteria included systemic inflamma-tory diseases, malignant neoplasm, severe stenotic or regurgitant valvular heart disease, New York Heart Association class IV heart failure, hyperthyroidism, uncontrolled hypertension (Ͼ180/100 at rest), presence of an illness that may result in death within 1 year, implanted devices designed for the active management of atrial arrhythmias by pacing or defibrillation, and current illicit drug use or alcohol abuse. Eligible patients were identified as they came for previously scheduled clinic visits and invited to enroll in the study.
Control patients were identified at outpatient clinic visits during the same time period and recruited according to the same eligibility and ineligibility criteria, with the exception that control patients were free of current AF and any history of AF. Case patients and controls were matched for variables known to affect the oxidative markers used, age in decades, smoking, and diabetes status (6 -8 ) . All study participants gave written informed consent.
data collected
Data were collected by interviews of study participants, review of Department of Veterans Affairs hospital and clinic charts, telemetry recordings, and electrocardiograms. The presence or absence of AF was confirmed on the basis of an electrocardiogram done at the time of enrollment. A single blood draw was performed at the time of enrollment, and the blood sample was analyzed in the Emory Biomarkers Core Laboratory for markers of oxidative stress and inflammation. All study participants underwent testing for oxidative stress and inflammatory markers. No adverse events occurred, and no test results were indeterminate or excluded. Markers used to measure oxidative stress were ratios of oxidized to reduced glutathione (E h GSH) and cysteine (E h CySH) in plasma (thiol ratios) (6 ) and derivatives of reactive oxygen metabolites (DROMs) (9 ) . Detailed methods to prevent rapid oxidation of samples have been delineated previously (10 ) . Briefly, blood was collected from an antecubital vein and transferred immediately to a microcentrifuge tube containing 0.5 mL of a preservation solution of 100 mmol/L serine ⅐ borate (pH 8.5) containing (per mL) 0.5 mg sodium heparin, 1 mg bathophenanthroline disulfonate sodium salt, and 2 mg iodoacetic acid. Use of this procedure minimizes autoxidation and hemolysis (10 ) . All blood was drawn between 7:30 AM and 3:00 PM in nonfasting patients. After centrifugation to remove blood cells, aliquots (200 L) were transferred to tubes containing 200 L of 10% (wt/vol) perchloric acid containing 0.2 mol/L boric acid and 10 mol/L ␥-Glu-Glu as an internal calibrator. Samples were stored at Ϫ80°C for Ͻ2 months before further processing to form N-dansyl derivatives and analysis by HPLC with fluorescence detection. Reduced glutathione, cysteine, and cystine concentrations in plasma were Ͼ1000 times the level of detection (approximately 1 nmol/L). Oxidized glutathione concentrations were approximately 10 times this limit. Previous data have shown stable measurements with storage for this length of time (10 ) . Metabolites were identified by coelution with calibrators, and quantification was obtained by integration relative to the internal calibrator. Samples from control and AF patients were treated identically. Laboratory technicians were blinded with respect to the clinical data.
The redox states (E h ) of the thiol/disulfide pools were calculated with the Nernst equation:
where E o is the standard potential for the redox couple, R is the gas constant, T is the absolute temperature, n is 2 for the number of electrons transferred, and F is the Faraday constant. The standard potential E o used for the glutathione and cysteine redox couples was Ϫ264 mV and Ϫ250 mV, respectively (10 ). Less negative E h numbers imply a more oxidized state. DROMs were measured in Carr units, with higher values indicating increased oxidative stress. DROMs (Diacron International) and inflammatory markers [high-sensitivity CRP (hsCRP; Life Diagnostics) and interleukin (IL)-1␤, IL-6, and tumor necrosis factor ␣ (TNF␣; all from R&D Systems)] were measured using commercially available reagent sets. Intraassay CVs were Ͻ1% at Ϫ156 and Ͻ1% at Ϫ120 mV for E h GSH; 5.0% at Ϫ100 and 4.5% at Ϫ60 mV for E h CySH; 0.2% at 300 and 2.3% at 550 Carr units for DROMs; 10.1% at 0.2 and 5.2% at 10 ng/L for IL-1␤; 5.1% at 1 and 3.6% at 8 mg/L for hsCRP; 20.9% at 3.2 and 6.2% at 50 ng/L for IL-6; and 11.9% at 2 and 7.3 at 50 ng/L for TNF␣.
data analysis
Statistical analyses were performed with SAS software 9.1 (SAS Institute). We compared baseline characteristics of AF patients and their matched controls with a paired t-test for continuous variables [expressed as mean (SD)], and Fisher exact test for categorical variables. Marker data were presented as the mean (SD), except as noted. All statistical tests were 2-tailed, and significance was assumed at P Յ0.05. We assessed correlations between markers of inflammation and oxidative stress with Spearman rank-order correlation coefficients. All oxidative and inflammatory markers were examined as predictors of AF occurrence in single-variate conditional logistic regression models. Parameter estimates for each oxidative and inflammatory marker were scaled so that reported odds ratios corresponded to approximate interquartile range increases. The approximate increases in the measured units needed to move from the 25th to 75th percentile were 20 mV, 10 mV, 70 Carr, 0.35 ng/L, 3 ng/L, 5 ng/L, and 3 mg/L for E h GSH, E h CySH, DROMs, IL-1␤, IL-6, TNF␣, and hsCRP, respectively. Multivariate conditional logistic regression models were used to examine the association between each oxidative marker and the presence of AF while controlling for inflammatory markers, hypertension, statins, and congestive heart failure. Statins
were assessed as predictors of AF presence and in linear regression models as predictors of E h GSH. All patients had been on statins for at least 1 month.
Results
We compared a total of 40 individuals with or without persistent or permanent AF. Table 1 in the Data Supplement that accompanies the online version of this article at http://www.clinchem.org/content/vol53/issue9 compares the demographics of study patients and their controls. The mean (range) age of AF patients was 74.8 (58 -86) years. Five AF patients (25%) had adult-onset diabetes, and all were male and nonsmokers. The mean length of AF was 10.1 years, with a median (SD) of 6.4 (13.3) years. In nonmatched variables, hypertension and heart failure were slightly more common in the AF group. For all other variables, the populations were statistically similar (P Ͼ0.05).
All measures of oxidative stress were significantly increased in AF patients compared with controls. Thiol ratios in the AF group were significantly more oxidized (i.e., negative) than in the controls (P Ͻ0.001; Fig. 1A ). The AF group showed more oxidation, with a mean (SD) E h GSH of Ϫ133 (21) mV (median, Ϫ143 mV; interassay CV, 15.8%) and E h CySH of Ϫ68 (6) mV (median, Ϫ67 mV; CV, 8.8%) compared with the control group, which had a mean (SD) E h GSH of Ϫ154 (12) mV (median, Ϫ156 mV; CV, 7.8%) and E h CySH of Ϫ77 (6) ), and 3.6 (3.1) g/mL (median 2.6) for the control group, respectively. The relationship of oxidative stress and inflammatory markers to AF was analyzed in single-exposure conditional logistical models. The odds ratios for AF were computed based on an interquartile range increase for each single marker, comparing the risk of AF in individuals at the 25th percentile to those at the 75th percentile. Single-exposure model odds ratios were controlled for matching variables of age, sex, smoking, and diabetes status but otherwise were unadjusted. Oxidative stress markers, E h GSH, E h CySH, and DROMs all predicted AF with odds ratios of 6.1 (95% CI, 1.3-28.3; P ϭ 0.02), 13.6 (95% CI, 2.5-74.1; P ϭ 0.01), and 15.9 (95% CI, 1.7-153.9; P ϭ 0.02), respectively. None of the odds ratios for any of the 4 inflammatory markers measured were statistically significant (Fig. 2) .
Regression analysis implied a positive association between the degree of oxidative stress and the odds ratio for AF. Fig. 3 shows the calculated relationship of E h GSH to the odds ratio for AF based on the parameters determined in the multivariate logistical regression analysis. A change in E h GSH of 15 mV implies an approximately 4-fold increase in the odds ratio of AF. Spearman correlation coefficients revealed a statistically significant correlation between E h GSH and E h CySH (r ϭ 0.66; P Ͻ0.01), whereas the relationship of thiol ratios to DROMs was weaker (r ϭ 0.41 or 0.38, respectively). For the most part, oxidative stress markers were independent of inflammatory markers, except for the case of a statistically significant positive correlation between IL-6 and DROMs (r ϭ 0.38; P ϭ 0.02) and a negative correlation between TNF␣ and E h CySH (r ϭ Ϫ0.42; P ϭ 0.01). On the other hand, most inflammatory markers showed significant correlation between each other. Statin use was negatively correlated with AF, with an odds ratio of 0.2 (95% CI, 0.05-0.99; P ϭ 0.05). Moreover, linear regression analysis revealed that statins were associated with a 14.3 mV (95% CI, 0.8 -27.8) decrease in the oxidative stress marker E h GSH.
The sample size restricted the number of variables we could examine simultaneously in multivariate models. Nevertheless, we did examine all the oxidative stress markers while controlling for various subsets of possible confounders: hypertension, congestive heart failure, statin use, and the 4 inflammatory markers. In each of these multivariate models, the association of AF and more oxidized thiol ratios remained statistically significant.
Discussion
Oxidative stress has been implicated in the pathogenesis of AF. We found that oxidative stress markers differed between patients with and those without persistent or permanent AF. Increases in interquartile range across all markers of oxidative stress strongly and significantly correlated with increased risk of AF, an association that persisted even after correction for differences in hypertension, congestive heart failure, and statin use between the 2 groups, the former 2 conditions predisposing to AF (11, 12 ) .
A complex association exists between oxidative stress and inflammation. To evaluate this further, we compared the correlations between markers in our study. Inflammatory markers were not strongly correlated with oxidative stress markers. Consistent with the idea that thiol ratios best represent the redox states of the hydrophilic phase, whereas DROMs more likely measure the redox state of a lipid phase, there was a stronger relationship between thiol ratios than between thiol ratios and DROMs. Because statins are postulated to have antioxidant activity and have been associated with a decreased incidence of AF (13, 14 ) , we analyzed the relationship between use of statins and AF among patients in our study. Consistent with previous findings, statin use was negatively correlated with AF. Moreover, patients on statins showed less oxidation.
The strong correlation of AF with oxidative stress markers may suggest novel measures to predict the onset of AF and the efficacy of treatment. According to parameters derived from the regression analysis, the odds ratio for AF was predicted to increase as a function of oxidative stress. This relationship was consistent with the effects of a decade increase in age, the presence of diabetes or hypertension, or smoking on E h GSH and AF risk (6 -8 ) .
The mechanisms whereby oxidative stress may contribute to AF are unknown, but there is evidence that oxidants can affect ion channel activity (15 ) . Recently, we have shown that the cardiac sodium channel (SCN5a) promoter region contains an NF-B response element that could lead to Na ϩ channel transcriptional regulation by an NF-B-dependent mechanism (16 ) .
In our study, we showed an inverse relationship between statin use and oxidative stress. Statins are thought to have antioxidant properties attributable at least in part to prevention of NADPH oxidase-induced oxygen free radical production (17 ) . Recently, increased NADPH oxidase activity has been associated with AF in humans (2 ). Our findings are consistent with reports that statins prevent electrical remodeling in rapid pacing-induced AF (18 ) and experimentally induced sterile pericarditis (19 ) in canine models and that statins reduce AF burden after cardiac (13 ) or noncardiac surgeries (20 ) . Moreover, our findings are consistent with a recent report of statins preventing recurrence of AF after cardioversion (14 ) .
Because inflammation has been associated with AF and oxidative stress, we also measured and compared inflammatory markers in our patient and control groups, but we did not find an association. This result is consistent with findings of several other groups investigating the use of CRP to predict postoperative AF (20, 21 ) . Conway et al. (22 ) found that CRP predicted only initial but not longterm cardioversion success. Conversely, other reports suggest a correlation of inflammatory markers with AF. There is a well-documented increase in AF incidence after cardiac surgery, and this increase in AF correlates temporally with the peak elevation in CRP concentrations (23 ) . Moreover, in 2 trials, patients with high CRP concentrations were more likely to develop AF (3, 5 ) . A recent metaanalysis of 16 trials does suggest a relationship between inflammation and persistent or permanent AF (24 ) . In one trial, IL-6 but not CRP or TNF␣ predicted postoperative AF (25 ) . The concomitant lack of increase of IL-1␤, IL-6, and CRP is consistent with the known roles of these ILs as synergistic upstream stimuli for CRP production (26 ) . *, E h GSH, E h CySH, and DROMs significant at P Յ0.02. Because our patients had persistent or permanent AF, the association of AF with oxidative stress but not inflammatory markers could represent a more prominent role for oxidative stress relative to inflammation in the maintenance rather than the initiation of AF. Alternatively, our findings may be attributable to differences in postoperative and nonoperative AF, lack of sensitivity given our high baseline CRP concentrations compared to other trials, or the limited power of the study to detect a relationship. The concentrations of IL-6 and TNF␣ in our study participants were comparable with baseline concentrations in a recent report, however, a finding that suggests that our patients were not substantially different in inflammatory state from those in other trials (25 ) .
Our results do not speak to the role of oxidative stress in the initiation of AF nor do they rule out a potential role for inflammation in the initiation and/or maintenance of AF. Interestingly, cardiac surgery has also been reported to increase oxidative stress as measured by thiol ratios in the plasma and myocardium (27 ) , and supplementing postoperative patients with ascorbate, a known antioxidant, cuts rates of AF more than 2-fold (28 ) .
Despite the novel finding of an association of oxidative stress markers with AF, this study has several limitations. First is the small sample size. Nevertheless, based on the oxidative stress measure with the weakest association to AF (E h GSH), only 13 individuals in each group would have been necessary to have a 90% power to detect the observed difference in means with a 2-sided test. Although our sample size was sufficient to show differences between groups in oxidative stress markers, the sample size was too small to allow firm conclusions about the relationship between inflammatory markers and AF, given their smaller means and higher SDs. Moreover, all participants in this study were males and predominantly white. The results may not hold true for females or individuals of other races. The effect of medications other than statins or the duration of AF on the strength of association between oxidative stress and AF were not evaluated in this study. The net number of medications was not different between the 2 groups. This study does not make clear the source of oxidative stress or how oxidative stress is related to AF. As noted above, AF has been associated with cardiac oxidative stress, but a recent trial suggests that oxidative stress in AF may be more widespread (29 ) . Therefore, it is possible that systemic oxidative stress contributes to AF risk and, once AF is established, local cardiac oxidative stress reinforces the risk (1, 2 ) . Interestingly, congestive heart failure and hypertension are associated with oxidative stress, perhaps contributing to their unequal distribution between the 2 groups (30, 31 ) . Finally, we measured marker concentrations during usual clinical hours and without fasting, mimicking the most common clinical scenario. Measuring at other times or under other conditions may affect the results, but there is no known diurnal variation in DROM concentrations. There does appear to be diurnal variation of plasma-reduced thiols related to meals in animals (32 ) , but the effect of this variation on the ratio of oxidized to reduced thiols is unknown. In preliminary studies, diurnal variations in E h GSH and E h CySH were too small to explain our results and have peaks that are separated by 6 -7 h, suggesting that the differences that we observed were not the result of these variations alone.
In conclusion, our results suggest that further prospective research is warranted to examine the predictive value of oxidative stress markers in the management of AF. 
